Distribution of the corrosion depth around a surface scratch of epoxy-coated High Tensile (HT) Strength steel (0.7Ni-0.6Cr0.3MoFe) was measured by using a laser microscope after a wet and dry cyclic corrosion test and compared with that of epoxy-coated carbon (SM) steel. The Gumbel distribution analysis was applied to the corrosion depth profile as a function of distance far from the scratch. In the analysis, the mode () and distribution parameter (¡) of the coated HT steel displayed much smaller values than those of coated carbon (SM) steel. The smaller values indicate that the coated HT steel has higher corrosion resistance than that of the coated SM steel. The SEM (Scanning Electron Microscope)-EDS (Energy dispersive X-ray spectrometry) analysis showed that Cr and Mo were enriched in the inner rust layer and Ni distributed in all rust layer around the scratched area of the coated HT steel after the corrosion test. The TEM (Transmission Electron Microscope)-EELS (Electron Energy Loss Spectroscopy) analysis confirmed the presence of nanoscale Fe oxides containing Cr, Ni and Mo in the rust of the HT steel, and these nanostructures of the rust was assumed to enhance the corrosion resistance of the coated HT steel.
Introduction
High tensile strength (HT) steel such as HT 780 has been widely applied to steel structures, because HT steel allows reduction in total weight of the structures. The HT steel contains the effective elements such as Cr, Ni, and Mo in corrosion protection under atmospheric condition. Such the elements are assumed to produce the protective rust against the corrosion. While there have been many reports on the atmospheric corrosion 15) and the structure of the rust on the weathering steels, 615) there have been very few papers on the corrosion resistance of HT steel. In our previous study, 16 ) the corrosion protection performance of epoxy-coated HT steel was evaluated by using Scanning Electrochemical Microscope (SECM) analysis. From the analysis the corrosion was evaluated at a defect (a surface scratch) on the epoxy-coated HT steel immersed in a 0.1 M NaCl solution. From the measurement, dissolution of Fe 2+ was found to be more suppressed at the scratch on the coated HT steel than that on carbon (SM) steel. The suppression indicates the higher corrosion resistance of coated HT steel. Although SECM is a useful method to estimate the corrosion at the defect on the coated steel in the initial time period, it was difficult to analyze the large amount of rust (corrosion product) after long testing times. Statiscal analysis of the corrosion depth may be important to estimate the service life of steel structure, because the depth distribution dominates the performance over the service life. Thus in this study, the corrosion depth was measured quantitatively using laser microscopy and the depth distribution was estimated statistically by the Gumbel distribution analysis. 1719) In the case of corrosion in the coated steel, the largest depth determines the lifetime of the steel because the initial leak occurs at a largest depth site. Although there have been very few reports on the micro corrosion, the Gumbel distribution analysis is believed to be useful to predict the localized corrosion of the coated steel.
In the previous study, 16) Electrochemical Impedance Spectroscopy (EIS) was applied to the corrosion of the coated HT steel with a defect in a 0.1 M NaCl solution after the wet and dry cyclic corrosion test. The charge transfer resistance (R ct ) and film resistance (R f ) of the coated HT steel showed higher values than those of coated SM steel. The result indicated formation of the more protective rust on the coated HT steel against corrosion. In this study, to investigate in more detail the protective rust that formed on the HT steel in the wet and dry test, TEM analysis with EELS (Electron Energy Loss Spectroscopy) was conducted, which allowed to examine the chemical state of each element in the rust. Moreover, in order to clarify the corrosion around the scratch for HT and SM steels, the Gumbel distribution analysis of the maximum corrosion depth estimated by laser microscope observation was performed.
Experimental Method

Preparation of steel specimens
The chemical composition of the HT 780 type steel was (mass%): 0.3 C-0.3 Si-0.7 Mn-0.7 Ni-0.6 Cr-0.3 Mo-0.01 P-0.003 S-0.03 Al-0.003 N-0.002 O-Fe. As a comparison, carbon steel (SM) was used, chemical composition of which was (mass%): 0.3 C-0.3 Si-0.7 Mn-0.01 P-0.003 S-0.03 Al-0.003 N-0.002 O-Fe. The sample was ark-melted and rolled at 1100°C, then, air cooled. The aging heat treatment was conducted at 600°C for 1 h. The specimens were cut into 5 © 5 cm 2 squares and polished using silicon carbide up to 1200 grit. After polishing, the sample surface was rinsed with distilled water and acetone before coating. Samples were kept at a desiccators for a day before the coating.
The epoxy resin commercially known as a fast-drying type epoxy was used. The liquid epoxy resin was a blend of multifunctional low molecular weight diluents and the diglycedal ether of bisphenol A, whereas the curing agent was based on the aliphatic amines. The steel specimens were coated using a drawdown bar at constant speed and then kept at room temperature for one week. This method led to the formation of an epoxy film coating with a uniform thickness of about 40 µm. Artificial scratches (defects) reaching to the steel with an approximate width of 150200 µm were inserted using steel cutter tool on the coated samples.
Wet and dry corrosion test and micro laser analysis
A wet and dry corrosion test in one cycle consisted of wetting the sample surfaces of 0.4 L/m 2 with 0.1 M NaCl solution for 12 hours and drying it in a chamber at 25°C, 60% RH for 12 hours. After the corrosion tests, rust and coating film were removed by the steel cutter, and then, the remaining rust on samples was dissolved in a diammounium citrate solution. Laser microscopy analysis was conducted around the scratch on the steel samples, and the depth profile was measured quantitatively.
The Gumbel distribution analysis was applied to the distribution of maximum corrosion depth in every specified small area on the HT and SM steels after removal of the coating and rust. 17, 18) The Gumbel distribution has the following form:
where F I (x) is the probability function of the maximum corrosion depth in every small area, x and the constants and ¡ are called the scale and location parameter, respectively. In the actual case, is the mode and ¡ is the distribution parameter of the corrosion depth. If a reduced variable y, defined by
is introduced, eq. (1) can be expressed as
Then the explicit expression of y is given by
The Gumbel probability diagram may be constructed with the reduced variable, y on the vertical axis and the corrosion depth of x on the horizontal axis.
In the actual experiment, the area around the scratch was divided by 20 (L1L20) in the parallel direction, and by 6 (X1X6) in the perpendicular to the scratch. Each divided unit area of (La, Xb), a = 120, b = 16, was 0.35 © 0.83 mm in size. The maximum depth was measured by the laser microscope at each unit area, and the distribution of the maximum depth was plotted on Gumbel probability diagram. In order to determine and ¡, MVLUE 19) method is applied in this study.
Surface characterization of the rust
The surface morphology of the corrosion product on the coated steel was observed by field emission (FE)-SEM and Focused Ion Beam (FIB)TEM system. After the cyclic corrosion test, the coated steel was embetted in resin and polished using emery paper, followed by diamond paste. Carbon was then evaporated in order to compensate for charging effects. A cross section of the rusted HT steel was examined using FE-SEM at an acceleration voltage of 20 kV and irradiation current of 10 µA. The concentrations of Fe, Cr, Ni, and Mo in the rust were measured by EDS (Energy dispersive X-ray spectrometry). TEM observation was performed with EELS analysis. The rust was cut from the inner portion of the rust by FIB, and EELS analysis was carried out on the portion in order to identify the chemical state of Fe, Cr, Ni and Mo in inner rust of HT steel.
Results and Discussion
Wet and dry corrosion test for coated steels
Wet and dry corrosion test was performed for the samples with scratch in a 0.1 M NaCl solution to evaluate the corrosion resistance of the coated HT and SM steel. Figure 1 shows corrosion results for the epoxy coated HT and SM steel with scratches. After 7 days of testing, the corrosion at the scratch for HT steel is noticeable and, however, it is smaller than that for SM steel. At 14 days, the corrosion for HT steel is much smaller than for SM steel. In SM steel, the corrosion is spread over the entire coated surface at 14 days. Thus the coated HT steel is seen to be much higher corrosion resistance at the scratch than the coated SM steel.
Laser microscope observation was conducted for SM and HT steel after the wet and dry corrosion test for 14 days. The rust and epoxy coating were removed from the steel before the observation. Figure 2 shows laser microscope observation around the scratch for SM and HT steel after corrosion test. As described above, the area around the scratch was divided into 20 (L1L20) points in the parallel direction, and 6 (X1X6) points in the perpendicular direction to be scratch. In the case of (1) SM steel, many pits are observed and, especially, large pits are found at X1 near the scratch. On the other hand, in the case of (2) HT steel, a few pits are detected and only small pits are found at X1 near the scratch. Figure 3 shows Gumbel distribution analysis for the maximum corrosion depths of SM steel according to the results in Fig. 2 . The vertical axis in Fig. 3 indicates the Gumbel parameter and the horizontal axis is the corrosion depth. The distribution of the maximum corrosion depths at each Xn (n = 16) are plotted in Fig. 3 . The corrosion depths at X1, the nearest to the scratch, are distributed to the largest depth. The corrosion depths are distributed in the smaller depth with increasing the number of n in Xn, corresponding to the larger distance from the scratch. Figure 4 shows Gumbel distribution analysis for the maximum corrosion depths of HT according to Fig. 2 . The HT steel shows the same tendency as that of SM. The corrosion depths at X1, the nearest to the scratch, are distributed to the largest depth. However, the actual values of the corrosion depths of HT steel are much lower than those of SM steel. Thus, coated HT steel is found to exhibit the much higher corrosion resistance than coated SM steel. Figure 5 shows the Gumbel parameter of and ¡ for the depths of SM and HT steel after the wet and dry corrosion test for 14 days. The which represents the mode of the corrosion depth shows for SM steel shows a maximum value of 38 µm at X1, and decreases with increasing in Xn (n = 16). Thus, the corrosion depths are found to increase with the nearer place to the scratch for SM steel. The ¡ which corresponds to the slope in the Gumbel distribution plots, which shows the distribution region of corrosion depths. The ¡ of SM steel shows the maximum at X1, and decreases with increasing in Xn (n = 16). Thus, the coated SM steel has the largest corrosion depth near the scratch. On the other hand, although the of HT steel also shows the maximum at X1, its actual value is very low at 17 µm. The ¡ of HT steel exhibits very low values at all Xn segments, and, therefore, the depth distribution is found to be very small. It is concluded from the Gumbel distribution analysis that the coated HT steel shows much higher corrosion resistance than the coated SM steel.
Surface characterization of the rust of coated HT
steel after corrosion test Analysis by SEM was performed after the wet and dry cyclic corrosion test for 14 days to identify the rust (corrosion products) of the coated steel. Figure 6 shows the SEM image and EDS elemental mapping of the cross section on the scratch of the coated HT steel. The EDS analysis confirms the presence of Cr, Ni and Mo in the inner rust of HT steel. Specially, Cr and Mo are enriched in the inner rust. On the other hand, Ni is found all over the rust. These results indicate the formation of complex iron oxides during the corrosion test, which implies that complex oxides are formed that enhance the barrier properties of the epoxy coated steel.
A sample was cut from the inner rust of HT steel by FIB for about 1 µm thickness as shown in Fig. 6 , and then examined by TEM. Figure 7 is the cross section of the rust where the right side of the figure is the steel. Elements other than iron show up as a little white spot in the bright field image of the TEM. Thus, it is possible to select the part of rust containing Cr, Ni and Mo in the cross section figure. The 12 analysis points were selected in Fig. 7 and analyzed by TEM-EELS. The larger spot numbers indicate positions closer to the steel boundary. Figure 8 shows TEM-EELS spectra of oxygen and Cr for the 12 points in the inner rust of HT steel. The spectra of oxygen at all positions have peaks of O-K, and indicate that the rust at all positions is in a same oxidized state. In more detail, all spectra show strong peaks of O-K at 532 and at 544 eV, which indicate the presence of Fe and Cr in the oxide.
Spectrum peaks of Cr-L are not seen at P1P3 and P11 P12, which indicates that there is much less Cr at these positions. At P4P10 the peaks of Cr-L 3 and Cr-L 2 spectra are observed. In more detail, at P6P10 there is a strong peak of Cr-L 3 at 580 eV as well as a Cr-L 2 peak at 584 eV. The peak ratios of (Cr-L 3 /Cr-L 2 ) show almost the same values of 1.62.0 at the positions of P6P10. These peak positions are similar to those of the Cr (III) oxide noted in previous papers. 20, 21) However, the shoulder at higher energy region (580583 eV) of Cr-L 3 does not appear in some spectra, showing the presence of Cr (II) oxide. Thus, both Cr (III) and Cr (II) oxides are thought to be present at P6P10. The Rust Steel Cr-L3 Cr-L2 spectra of Cr-L at P4P5 have weak peaks of Cr-L 3 and Cr-L 2 , showing that the content of Cr is less than that at P6P10. The EELS spectra of Fe-L at the positions corresponding to those in Fig. 7 are shown in Fig. 9 . As all EELS spectra have Fe-L 3 and Fe-L 2 , the rust contains Fe at all positions of P1P12. All spectra show peaks of Fe-L 3 at the same energy of 712 eV, as well as Fe-L 2 at 726 eV. However, the peak ratio (Fe-L 3 /Fe-L 2 ) at each position ranges between 4.2 and 6.0. Tan et al. examined the EELS spectra of Fe oxides including Fe(II) O and Fe(III) O, 22) and the spectra obtained here are similar to those results. In their report, the peak ratios (Fe-L 3 / Fe-L 2 ) of Fe (II) O and Fe (III) O were shown to be 3.5 and 4.7, respectively. Thus, the peak ratios of the spectra in this work exhibit an intermediate value between Fe (II) O and Fe (III) O. Since the peak ratio (Fe-L 3 /Fe-L 2 ) tends to show higher values, the concentration of Fe (III) O is thought to higher than that of Fe (II) O. From the peak ratios, it is assumed that Fe is thought to exist as Fe (II) and Fe (III) oxidized states in inner rust of HT steel.
The EELS spectra of Ni-L at the positions corresponding to those in Fig. 7 are shown in Fig. 10 . As all EELS spectra have the peak of Ni-L 3 at 849 eV, the rust is assumed to contain Ni at all positions. However, since all the EELS spectra have weak peaks of Ni-L 2 at 875 eV, the concentration of Ni is thought to be low in the rust. In the previous paper, 23) the TEM-EELS spectra of the standards of NiO and Ni were taken for comparison. Although the spectra of Ni-L in this work are not so clear, the shapes are likely to show those of NiO. Moreover, all Ni-L spectra at P1P12 are similar, indicating that Ni exists as the same state widely in the rust. Thus, Ni is thought to exist as Ni (II) oxidized state in the rust of HT steel.
In the case of Mo, although the enrichment of Mo was identified in the rust by SEM-EDS, EELS spectra could not be obtained clearly in this work. More detail examination on the EELS spectra of Mo in the rust should be conducted in the future.
Corrosion resistance mechanism for coated HT steel
After 14 days of the wet and dry test, corrosion had spread over the entire surface of the coated SM steel, while corrosion on the HT steel was much more limited. Thus the surface observation demonstrates that coated HT steel has much higher corrosion resistance at the scratch (defect) than the coated SM steel. In addition, the Gumbel distribution parameters and ¡ of HT steel were much smaller for HT steel than those for SM steel. As is the mode of the corrosion depth, thus in a word, the average of the maximum depths of HT steel is smaller. Besides, ¡ is the distribution parameter of the maximum corrosion depth, and the maximum corrosion depths are distributed in the smaller region for HT Steel. Thus, from the statistical point of view, the coated HT steel showed much higher resistance against the corrosion depth than the coated SM steel. Although there are few reports in which the Gumbel distribution analysis has been used on the corrosion of coated steel, the present study demonstrates the effectiveness of this approach to investigate this type of the corrosion. To predict the corrosion life from the present study using the Gumbel distribution, more examination is needed because the analysis area in present study is too small to determine the service life period. Thus at present, we propose that the Gumbel analysis is useful to examine the distribution style and pattern on the corrosion of the coated steel. The EDS results on the elements for coated HT steel confirmed the presence of Cr, Ni and Mo in the inner rust of HT steel. Specially, Cr and Mo were enriched in the inner rust, which implies the formation of complex iron oxides during the corrosion test.
Spectra obtained by TEMEELS from the inner rust at the scratch in HT steel revealed that Fe existed as both the Fe (II) and Fe (III) oxides. Cr also exists as Cr (II) and Cr (III) oxides. Thus, we believe that Cr is involved in the structure of the Fe oxide as Cr (II) and Cr (III) in inner rust. In other words, Cr makes the complex oxides with Fe. Although Mo is not detected by TEM-EELS, the position of the enrichment is almost the same as that of Cr enrichment from the SEM-EDS analysis. Thus, Mo is assumed to make up the complex oxides with Cr and Fe. In the case of Ni, Ni exists as the Ni (II) oxidized state throughout the rust on HT steel. From the above TEM-EELS analysis, it was confirmed that the nanoscale Fe oxides containing Cr, Ni and Mo were present in the rust on HT steel, and the oxides had a beneficial effect on the corrosion resistance of the coated HT steel by forming a protective rust (corrosion products) in the wet and dry cyclic test.
Conclusions
The corrosion protection performance of the epoxy-coated high tensile strength (HT) and carbon (SM) steels was evaluated by statistical analysis for the maximum corrosion depth and TEM-EELS microscopic analysis of the rust after the wet and dry corrosion test. The maximum corrosion depth in each divided unit with a size of 0.35 mm © 0.83 mm around the scratch was measured by using a laser microscope and the distribution of the maximum corrosion depth was analyzed by using the Gumbel distribution function. The mode () and the distribution parameter (¡) in the distribution function for the maximum corrosion depth of the coated HT steel exhibited much smaller values than those of the coated carbon (SM) steel. This result showed that the coated HT steel had higher corrosion resistance compared to the coated SM steel. SEM-EDS results demonstrated the presence of Cr, Ni and Mo in the inner rust at the scratch of coated HT steel. TEM-EELS analysis confirmed the presence of nanoscale Fe oxides containing Cr, Ni and Mo in the rust of the HT steel, and the oxide rust was assumed to increase the corrosion resistance of the coated HT steel. It was concluded that the coated HT steel exhibited excellent corrosion resistance as compared to the coated SM steel during the wet and dry corrosion test under chloride environment.
